Objectives: Epidemiologic evidence suggests the natural history of refractory mesial temporal lobe epilepsy is complicated, yet little is known about the hippocampus from the nontertiary center perspective.
Half or more of epilepsy is of unknown cause with focal features. [1] [2] [3] The hippocampus has been the focus of research because of its role in mesial temporal lobe epilepsy (MTLE). Hippocampal sclerosis (HS) is the most common target for epilepsy surgery. [4] [5] [6] The natural history of MTLE is complex, most adult patients having onset of epilepsy in childhood and delay to surgery averaging Ն20 years. 7 Clinically, MTLE is not always recognized at initial onset, and HS is rarely seen in newonset patients. [8] [9] [10] The origins of HS and its role in epilepsy are poorly understood. HS may arise secondary to a single episode of status epilepticus 11, 12 or limbic encephalitis 13 or be a progressive lesion worsening over time. 10, 14, 15 Other pathology often occurs in conjunction with HS (e.g., migrational disorders in temporal cortex [16] [17] [18] [19] [20] or within the hippocampus 21 ), suggesting a preexisting pathologic substrate facilitates its development.
Although HS is the lesion of interest for surgery, evidence from various studies indicates that other hippocampal anomalies are present in a wider range of neocortical epilepsies. [22] [23] [24] [25] This raises questions regarding the nature of the association between hippocampal abnormalities and epilepsy and the involvement of the hippocampus in focal epilepsies.
Little is known about hippocampal abnormalities in the population, especially in childhood-onset epilepsy, where most temporal lobectomy cases arise. We examined hippocampal volumes in a community-based cohort with childhood-onset epilepsy to identify evidence of HS and other potential hippocampal abnormalities.
METHODS Recruitment and follow-up of the cohort has been extensively described in previous publications 1, 26 (see appendix e-1 on the Neurology ® Web site at www.neurology.org). At 8 -9 years after initial diagnosis of epilepsy (2002) (2003) (2004) (2005) (2006) , 298 participants had a research MRI scan (see appendix e-1).
Healthy control subjects (n ϭ 63) with no history of any seizures or neurologic impairments were recruited. Controls were selected to have the same gender distribution as cases and so as to cover the age range of the case group at the time of the research MRI scan. Cases who required sedation were not offered a research scan. Consequently, individuals with more severe intellectual disabilities were excluded. 27 Hippocampal volumetry. Hippocampal volumes were manually delineated on successive coronal slices using a modified protocol based on previously published methods. 28 Total brain volume was estimated automatically using the software program BET, provided as part of the FSL software package. 29 Hippocampal volumes were adjusted for brain volume using a covariance method that is commonly used for this purpose. Further details of the hippocampal volumetry, brain volume measurements, and hippocampal volume correction for head size are provided in appendix e-1. For ease of interpretation, corrected left and right hippocampal volumes were then transformed to Z scores based upon the control group's left and right hippocampal volume means and standard deviations. Automated volume measures were used as a secondary method. Further details are presented in appendix e-1.
Clinical characterization of MTLE.
Because the clinical profiles of the cohort members were not comparable to those seen in patients with refractory MTLE evaluated in epilepsy centers, an adult epileptologist specializing in adult epilepsy surgery evaluations (S.U.S.) reviewed all clinical and research records, but not volumetry results, from initial onset through the last contact. For each case, a determination was made whether the clinical profile was possibly or probably consistent with temporal localization (TLE) or whether it was probably or definitely not (not-TLE).
Pharmacoresistance was defined as the failure of 2 appropriate drugs used in adequate trials 30 with the second drug failure having been prior to the research scan. Remission was defined as being Ն5 years seizure and aura-free at the time of the scan.
All research scans had been reviewed previously by 2 neuroradiologists who had visually assessed the hippocampal formations for atrophy and signal change and the entire brain for other abnormalities including signs of subtle focal cortical dysplasia. 27 Because of interest in the hippocampus and the evolution of MTLE, only cohort members whose epilepsy could be characterized as nonsyndromic with focal features were included for these analyses. The group with unknown underlying cause was the primary focus as this eliminated the heterogeneity associated with the wide variety of known lesions.
Standard statistical techniques (t tests and 2 tests) were used for testing differences in means and proportions (SAS).
Standard protocol approvals, registrations, and patient consents.
All procedures used in this study were approved by the Institutional Review Boards of the participating institutions. Written informed consent and assent were obtained as appropriate.
RESULTS
A total of 298 cases and 63 controls had research scans. Thirty case research scans could not be used for hippocampal volume measures due to artifacts (n ϭ 14), the scan was postsurgical (n ϭ 10), or other considerations (n ϭ 7). The mean age at the time of the scan was 15.4 years (SD 4.3, range 8 -30 years) in cases and 17 years (SD 5.0, range 10 -30 years) in controls. Forty-nine percent of each group was female.
Of 268 included cases, 117 had nonsyndromic epilepsy with focal features and no identifiable cause or feature to suggest a lesion or other cause (NSE-UNK). Another 23 had similar epilepsies but with identified lesions or other evidence (e.g., hemiparesis despite normal scan) of an underlying structural lesion (NSE-structural). 31 The remaining scans were performed in cases with other forms of epilepsy. Mean hippocampal volumes were not significantly different in the NSE-UNK epilepsy group relative to controls. The NSE-structural group did have significantly smaller hippocampi. Indices of asymmetry (larger/smaller hippocampus [HC]) did not vary among the 3 groups. The standard deviations of the HC, however, were significantly larger in both of the epilepsy groups relative to controls (table 1) .
The Z scores for the corrected HC volumes (Z HC ) were plotted for the 3 groups (figure 1). Relative to controls and consistent with the findings of a larger SD in the case groups, there were substantially more cases with extreme Z HC values, both high and low. Furthermore and also consistent with the lack of findings for asymmetry indices, the findings for both large and small hippocampi tended to be bilateral (see figure 2 for examples). Relative to controls, both case groups were more likely to have "extreme" hippocampi (one or both hippocampi outside the 5% confidence interval for controls, table 2).
The uncorrected (raw) volumes and Z HC for all controls and cases with extreme Z scores are provided in table e-1.
The NSE-structural group had a variety of defined lesions and other causes or evidence of brain dysfunction despite apparently "normal" imaging (table e-2). Two had a Z HC Ͼ1.96, and 5 were ϽϪ1.96 (4 cases with one or both Z HC ϽϪ3.0). Because the findings were mostly bilateral, they were not appreciated on visual interpretation and were assessed as normal or in one case with some asymmetry, as equivocal (right Z HC ϭ Ϫ1.7, left Z HC ϭ Ϫ3.0).
In the NSE-UNK group (n ϭ 117), cases with TLE were more likely to have extreme hippocampal volumes relative to controls (15/49 [31%] vs 2/63 [3%], p Ͻ 0.0001) and relative to cases with not-TLE (31% vs 10/68 [15%], p ϭ 0.04).
In comparing the variances of the 3 groups (controls, TLE, and not-TLE), the right and left hippocampal variances were not significantly different for controls vs the not-TLE groups but both groups differed significantly from the TLE group (table 3) . Automated hippocampal measurements, when they could be performed, confirmed these findings (table e-3.)
We performed an exploratory analysis of clinical factors that might be correlated with the extreme hippocampal sizes by performing a series of comparisons in which subjects with average hippocampal volumes (Ϯ1 SD of control means) were compared to subjects with extreme (large or small), large only, and small only volumes. Consistent with the results above, TLE was more common in the extreme hippocampal group than in the average group ( p ϭ 0.02). In addition, age at onset appeared to be younger in subjects with smaller than in those with
Figure 1 Normalized bilateral hippocampal volume distributions in cases and controls
Left and right hippocampal Z scores for controls and for cases with nonsyndromic epilepsies. Hippocampal sclerosis in the entire cohort. A total of 518/613 (85%) study subjects had either research or clinical MRI scans. Hippocampal sclerosis or volume loss was visually identified in patients with nonsyndromic epilepsy on 13 (7 clinical and 6 research scans). Nineteen patients in the entire cohort have had surgery to date. Only 2 had hippocampal sclerosis according to the pathology reports. 27 Both had diffuse processes, multiple surgeries, and were not typical temporal lobectomy patients although one initially presented with febrile status epilepticus and developed HS shortly after that event.
Only 5 of the research scans were read as showing findings consistent with hippocampal sclerosis based on volume, signal, or both. Interestingly, none of these hippocampi, when assessed quantitatively, fell below Ϫ1.96 on the Z scores although most did have a moderate degree of asymmetry between the 2 sides, ranging from 0.66 to 1.07 SD difference.
There was only one patient with visually appreciable evidence of hippocampal sclerosis, who was previously considered to have TLE but for this review was not and whose seizures were pharmacoresistant. In this community-based cohort, which has now been followed a median of 15 years, there were few cases who might fit the profile of a typical adult temporal lobectomy patient with childhood onset.
DISCUSSION Most of what is known about the hippocampus in epilepsy has come from patients evaluated for surgery, most of whom have had epilepsy for many years. Studies of newly diagnosed epilepsy fail to find many patients with clear HS at onset. When it is found, it tends to be unilateral. [8] [9] [10] While there is evidence from adult studies or studies in chronic epilepsy patients that hippocampal atro- Abbreviations: NSE-structural ϭ nonsyndromic epilepsy with focal features with identified lesions or other evidence of an underlying structural lesion; NSE-UNK ϭ nonsyndromic epilepsy with focal features and no identifiable cause or feature to suggest a lesion or other cause. a Compared to controls, p ϭ 0.003 ( 2 on 2 df). b Compared to controls, p ϭ 0.002 ( 2 on 2 df).
Figure 2 Examples of small, normal, and large hippocampi cases
Examples of scans in which the hippocampi were either unusually large, Z HC 1.96, or unusually small, Z HC ϽϪ1.96, and other case brains for which Ϫ1.96 Ͻ Z HC Ͻ1.96.
phy may be a progressive lesion, there is little information regarding hippocampal abnormalities early in the course of epilepsy in patients, particularly children, who are representative of those arising in the general population. In fact, relative to adults, there are relatively few instances of children with MTLE and HA going to surgery. 20, 32 Our cohort, while identified at onset, was not scanned for research purposes until 8 -9 years after onset. Consistent with the literature's emphasis on unilateral sclerosis, we had expected to find some evidence of early hippocampal atrophy in the form visually discernable unilateral atrophy and signal change. In fact, visual analysis yielded little if any evidence of HA, and for that reason, we turned to quantitative techniques.
These methods yielded evidence of hippocampal abnormalities that were unexpected based on the visual assessments. This was because the findings were bilateral and also because our results suggested that some individuals have not just smaller but also larger hippocampi than would be expected by chance alone and based on a similarly aged control sample scanned at the same institutions and with the same protocols as the cases. This is not something that is appreciated from the surgical literature which is heavily focused on unilateral pathology.
At this point, the significance of bilaterally large or small hippocampus is unclear. Both large and small extreme volumes were modestly associated with a clinical assessment of whether the individual's epilepsy was likely to be TLE. Admittedly, this designation is errorprone simply because the quality and extent of information was often limited. Conversely, the results from several studies suggest that hippocampal anomalies are not limited to patients with clear unilateral temporal lobe epilepsy. 20, 23, 25 For this reason and because of dwindling subgroup sample sizes, we did not further stratify on the TLE designation.
Relative to subjects with average sized hippocampi, subjects with extreme hippocampal volumes were not clearly more likely to have poor seizure control or a history of status epilepticus or generalized tonic-clonic seizures. The size of the subsamples is limited, however, and some of these associations may bear re-examination in an independent sample. Within the group with unknown cause, the small and large hippocampi likely represent different processes, damage (small) and possibly dysplasia (large). In the group with other structural lesions and related conditions, small hippocampi may reflect damaged hippocampi related to the insult.
As most of the participants in this study had wellcontrolled epilepsy, few have been thoroughly evaluated at tertiary epilepsy centers. Ten participants whose research scans were postsurgical had to be excluded. In the entire cohort, however, there were only 2 (one with a research scan) with evidence of hippocampal sclerosis on pathology; both had multiple surgeries and diffuse processes, not typical MTLE.
There are some important drawbacks to our study. Detailed hippocampal imaging was not performed from the outset of this study which began recruiting patients in 1993. Research scans were done 8 -9 years after initial diagnosis in 2002-2006. We can, however, account for patients who did and did not have research scans. This provides some indication of potential biases in who was scanned, the main ones being severe intellectual impairment as well as exclusion of subjects who had already had surgery. In addition, we did not include T2 relaxometry as the intention was to perform visual analysis only. We resorted to quantitative analysis once it became clear that yield of visual analysis was extremely low. Because we had planned originally for visual analysis only, and because it was out of our control, changes occurred in the scanners used for research scans. The types of measurements that were made are relatively robust to scanner differences and should not have introduced any errors or biases into our data. 33 Further, the basic findings were confirmed using an independent automated measure although the manual approach is generally superior. 34, 35 Particular strengths of our study come from the fact that we have studied a group of young people with childhood-onset epilepsy who are representative of the population from which they came. We know the history of the study participants who were not scanned including the results of surgical evaluations and surgeries for anyone in the cohort who was evaluated and can thus reconstruct the overall experience of this representative cohort with respect to developing MTLE with HS, a lesion which is very rare even though this is the age group from which more than half of adult temporal lobectomy patients arise. This suggests either that the hippocampal pathology has not yet progressed enough and cases will develop HS and pharmacoresistance in the future or that the phenomenon of MTLE with HS is actually very rare in the general population of people with epilepsy. By contrast, bilateral hippocampal anomalies are moderately common. The connection between hippocampal abnormalities seen in our cohort and intractable MTLE is not obvious at this time. In fact, we have been unable to document much MTLE either through research or clinical scans and despite close monitoring of the cohort through direct contact every 3-4 months and review all accumulated neurologic records. Evidence of bilaterally hypertrophic hippocampi may represent the milder end of a spectrum of dysplasia with hippocampal involvement. In our cohort, this may not have immediate implications for treatment; indeed, most of the patients in our group were seizure-free for many years. Conversely, studies demonstrating dual pathology with HS raise the question of whether it is such cases who, given the right provocation, are the ones to develop HS later on. A final consideration is that brain malformations often have a genetic basis, 36 and hippocampal malformations have been suggested in familial cases of febrile seizures. 37 If our findings can be replicated in other studies, they could have implications for understanding the causes of the formerly "cryptogenic" epilepsies, may provide new targets for studying the genetic contributions to brain malformations, and could possibly be useful in the future for targeting specific treatments to specific types of lesions.
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